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Calculated meteoroid production of hydroxyl in the
atmosphere of Jupiter
L. Campbella, M. J. Brungera
aCollege of Science and Engineering , Flinders University, GPO Box 2100, Adelaide SA
5001, Australia
Abstract
The atmosphere of Jupiter is mainly hydrogen and methane, with a large
number of hydrocarbons calculated to be produced by photodissociation and
subsequent reactions. It is assumed that oxygen is added by meteoroids. Re-
cent studies have found that photochemistry does not explain the measured
ratios of water to carbon monoxide, if it is assumed that water is the ma-
jor constituent of meteoroids and vaporises. A possible explanation is that
processes that occur during or soon after the meteoroid’s passage change the
proportions of the oxygen-bearing constituents. In this paper the processes
considered are dissociation, ionization of the original molecules and ioniza-
tion of dissociated products. The difference between applying these processes
in the bulk atmosphere and in the meteor trail itself is investigated, as is the
possibility of methane being dissociated in a shock wave produced by the me-
teoroid. In all cases there was no significant change to the predicted density
of water at the height of a measurement. However, the density of hydroxyl
relative to water differed depending on the assumed process, thus presenting
the possibility that measurements of electron-driven emissions from hydroxyl
could be used for remote sensing of the actual processes occurring.
Keywords: hydroxyl, Jupiter, meteoroid
1. Introduction
In a series of papers Moses and colleagues have developed a model of
the atmospheres of the gas giant planets, in which photochemical reactions
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produce a mixture of hydrocarbons (e.g. Moses et al. (2000a, 2005)) and
oxygen is added primarily by meteoroids (e.g. Moses (1992); Moses et al.
(2000b)). In a recent application of the model, Moses and Poppe (2017)
concluded that “photochemistry alone cannot efficiently convert the H2O
into CO on the giant planets”. For the case of Jupiter, they find that the
measurements can only be emulated in calculations if it is assumed that the
meteoroids are 98% CO. They suggest that processes during or soon after
meteoroid ablation act to convert H2O to CO.
In the model of Moses et al. (2005) it is assumed that the constituents
of the meteoroid boil off intact and that all gas released at each altitude is
instantly distributed evenly through the atmosphere at that altitude, rather
than being initially concentrated in a trail behind each meteoroid.
This paper investigates the effect of ionization or dissociation of the wa-
ter molecules, initially with the approximation of instantaneous distribution
through the atmosphere. This is also done for meteoroids that are 20% CO.
It then considers the case where the emitted components are initially con-
fined to a cold or hot meteor “trail” for a fraction of a second. In this case
the released meteoroid constituents have a much greater density than results
from the assumption of immediate uniform horizontal dispersal, so having
much greater opportunity for them and their products to react with atmo-
spheric constituents and each other. This mix of products is then assumed
to be dispersed instantaneously through the atmosphere, as before.
Moses and Poppe (2017) ran an equilibrium model, with a fixed CO
density below ∼2 bar. In the current work a time-step model (Campbell and
Brunger, 2013, 2016) was used so that the time to reach equilibrium could
be determined and so that it could also be applied to the reactions, within
the meteor trail, that do not reach equilibrium.
It is expected that dissociation or ionization of water in a hydrogen at-
mosphere will lead to the production of the hydroxyl molecule (OH). The
relatively short radiative lifetime of excited OH allows it to radiatively decay
before being quenched in a collision. Thus in all scenarios the densities of
OH were calculated, to determine whether measurements of OH emissions
could be used to discriminate between the different cases. This investigation
continues our interest in the role of the OH radical in planetary atmospheres,
the most recent of which was a study that considered electron-impact vibra-
tional excitation of the hydroxyl radical in the nighttime upper atmosphere
of Earth (Campbell and Brunger, 2018).













by details of the computational model used here. In Sec. 4 the current model
is applied and the results discussed. The time-step capability is applied to
consider the time to reach equilibrium at the height of the measurement. The
effects of ionization and dissociation of the meteoroid components are investi-
gated, with the assumption, as in the model ofMoses and Poppe (2017), that
they are instantaneously distributed horizontally through the atmosphere.
Then reactions within a meteor trail are simulated for 0.1 s before the prod-
ucts are similarly distributed into the bulk atmosphere. Conclusions are
drawn in Sec. 5.
2. Background
Moses et al. (2005) published a photochemical model for the atmosphere
of Jupiter, which is composed mainly of molecular hydrogen with much
smaller densities of hydrogen atoms and methane. That model calculates
an equilibrium of a complex series of photodissociation and chemical reac-
tions initiated by photodissociation of hydrogen and methane by sunlight,
along with oxygen input from meteoroids, in the form of CO2, CO and H2O.
Molecular and eddy diffusion are included in the model.
By comparison with measurements of CO2 and CO at two altitudes and a
measurement of H2O density at one altitude, Moses et al. (2005) found that
to fit the data required the icy component of meteoroids to be 98% CO. The
same result was found in a recent update of the model (Moses and Poppe,
2017). If they were assumed to be 100% water, then the predicted density of
water at 8 mbar is about 40 times higher than the measurement.
Moses and Poppe (2017) did not include organic meteoroids in their
photochemical calculation as these add much less carbon than is already in
the atmosphere. They initially excluded silicates because oxygen is either not
released in their vapourisation or released much deeper in the atmosphere.
When they simulated ablation for mixtures of icy and silicate phases, they
found that for differential ablation (Vondrak et al., 2008), where the oxygen
component of the icy grains is released first, the water profile changed little
except at the highest altitudes.
The model of meteoroid ablation used by Moses and Poppe (2017) is
described by Moses (1992). The principle is to calculate, in each of successive
steps, the frictional heating, the temperature of the meteoroid, the mass
loss and change in velocity. Moses and Poppe (2017) do this calculation for













predicted mass and velocity distributions (10−12 to 100 g, with peak mass flux
at 10−5 g, and 59.5–70.5 km/s) of meteoroids entering Jupiter’s atmosphere.
Moses et al. (2005) assumed that the constituents of icy meteoroids boil
off without dissociation or ionization. However, Kim et al. (2001) predicted
that 40% of the evaporated material is ionized. Jenniskens et al. (2004a)
state that water is quickly dissociated to H and OH in a meteor plasma.
OH emissions from meteors have been detected by Harvey (1977); Abe et al.
(2002) and Chu et al. (2000), although these authors suggest dissociation
of water in the meteoroids as one of several possible explanations. In a
discussion of differential ablation, Moses and Poppe (2017) calculated that
the meteoroids have sufficient velocity to dissociate and ionize H2O and CO.
They considered the case where all water input is dissociated to O, finding
that it reduces the final water densities at higher altitudes, but does not
change them at the height of the measurement.
The proportion of ionization and dissociation depends on the size and
velocity of the meteoroids. The subsequent chemical reactions depend on the
structure and temperature of the region containing the emitted constituents.
Thus a model of the meteoroid interaction with the atmosphere is required
to determine if processes within the meteor trail can convert H2O to CO to a
greater extent than predicted by assuming instantaneous distribution of the
water throughout the atmosphere.
The basic model of meteoroid ablation was summarised by Dimant and
Oppenheim (2017a). Collisions with atmospheric molecules produce sputter-
ing and thermal sublimation. This ablation produces a gas which is deceler-
ated in high-velocity collisions with atmospheric molecules, producing some
ionization and dissociation, forming a meteor plasma in a sheath around the
meteoroid which flows into a plasma trail behind it. A simple model for
the radius of the meteor trail is that of Jones (1995). In this the ablated
particles (having the velocity of the meteoroid) undergo a series of collisions
with atmospheric particles before they are confined within an initial radius
r0. Jones’ formula is only valid in the free molecular flow regime, where the
Knudsen number (Kn), being the ratio of the local mean free path to the
meteoroid radius, exceeds 10 (Silber et al., 2018a). For larger meteoroids,
the ablated material produces a hydrodynamic shield, or vapour cap, effec-
tively reducing Kn (Silber et al., 2018a) and increasing r0 (Jenniskens et al.,
2000), leading to the continuous flow regime (where Kn < 0.01) and to pro-
duction of shock waves (Silber et al., 2018a). High temperatures produced













it (Silber et al., 2017).
Dimant and Oppenheim (2017a,b) present a very detailed model of the
plasma sheath around meteoroids of mass less than 10−3 g. Silber et al.
(2018a) reviewed studies of larger meteoroids, including the production of
a shock wave by meteoroids of diameter greater than 4 mm. In a study of
shock-wave production of NO, Silber et al. (2018b) state that, at present, it
is still extremely challenging to accurately model the behaviour of individual
meteor events, especially in the rarified flow regime.
Jenniskens et al. (2004b) measured temperatures of ∼4400 K in meteor
trails from meteoroids of mass 10−5 to 1 g. Calculations by Jenniskens et al.
(2000) for a 1-cm meteoroid show the maximum temperature to be in the
centre of the trail. However Silber et al. (2017) show temperatures of 1000–
3000 K in the flow field behind the meteoroid.
Given the uncertainties in the composition, structure and temperature of
meteor trails, in this paper the approach is to overestimate unknown param-
eters, to determine whether a more detailed calculation is required.
3. Computational model
In this work a time-step calculation (Campbell and Brunger, 2013, 2016)
was used for all calculations, so that the same code could be used both to
emulate the equilibrium calculation of Moses et al. (2005) and to simulate
the non-equilibrium processes in the meteor trail. It also allowed calculations
of the time to reach equilibrium at various heights (which is relevant if the
equilibrium condition is disrupted by some phenomenon, such as a comet
impact).






= Pi − Li , (1)
where ni is the number density, ϕi is the vertical flux, Pi is the chemical
production rate and Li the chemical loss rate, for altitude z and time t. The
flux ϕ is the sum of fluxes due to eddy diffusion and molecular diffusion, as
given by Eq. (2) of Gladstone et al. (1996).
To implement Eq. (1) as a time-step calculation, it is necessary to calcu-
late the increase G and decrease D in number density in a time interval ∆t.
For each reaction:
R1 + R2













where k is the rate constant, the change in density ∆n in time ∆t is:
−∆nR1 = −∆nR2 = ∆nPr1 = ∆nPr2 = knR1nR2∆t . (3)









−∆nRi −∆ϕ−i , (4)
where ∆ϕ+i is the flux change of i if it is positive (or zero otherwise) while
∆ϕ−i is the flux change if it is negative (or zero otherwise).
The new number density after a time increment ∆t can then be calculated
by the implicit time-step method (Eq. (2) of Cariolle et al. (2017)):




As reactions at upper heights reach a local equilibrium very quickly, while
it may take thousands of (Earth) years for diffusion to transfer the oxygen-
containing species to the lower altitudes, the initial time step ∆t1 needs to
be very small (10−8 s), but the time step also needs to be increased as the
calculation progresses so that equilibrium is reached at the lowest altitude in








for all species at all heights where Di > Gi and ni > 10
−10nH2 .
Due to the huge difference in the time to reach equilibrium between the
upper (seconds) and lower (>1500 Earth years) levels of the atmosphere,
calculations at the upper levels become unstable in some cases: as the time
step reaches the large values necessary to complete the calculation at lower
altitudes, small errors in the calculated changes in fast reactions at upper
altitudes lead to significant oscillations, so the value of ∆t stops increasing
and hence the computation time required to reach equilibrium becomes too
large. A method to damp down the oscillations is to identify the reactions
where they occur and in these cases reduce the increment or decrement ap-
plied as ∆t gets larger, by dividing the change calculated in Eq. (5) by the
number Si of sign changes in Di − Gi. This is implemented by modifying
Eq. (5) to:
ni(t + ∆t) = f
ni(t) + Gi
1 + Di/ni(t)
+ (1− f)ni(t),where f =
1
Si













The condition Si ≥ 10 is to give an indication that oscillations about equi-
librium are occurring, rather than fluctuations caused by the contributions
of newly produced species taking several time steps to cascade through the
set of reactions in the initial steps of the simulation.
As the onset of oscillations implies that the density of the species is al-
ready close to the local equilibrium value and application of Eq. (7) will
continue to approach it, this is not expected to make any significant differ-
ence to the calculated densities. The local equilibrium value itself cannot be
substituted and fixed because the local equilibrium values at higher altitudes
will change as the densities at lower altitudes increase, increasing the densi-
ties at higher altitudes by reducing the downward flow by molecular diffusion.
Thus is is necessary to allow all values to continue to update throughout the
entire atmosphere.
The basic implementation here was of the model of Moses et al. (2005),
using 120 photodissociation reactions and 236 chemical reactions in their “A”
model, plus 4 reactions involving oxygen from Kim et al. (2001) and 89 extra
reactions from the Kinetic Database for Astrochemistry (KIDA) (Wakelam
et al., 2012). These reactions (with temperature dependent rates as FOR-
TRAN statements) are listed in file “neutbase.txt” in the Supplementary
Material. Values for photodissociation rates, background atmospheric densi-
ties (of H2, H and the density of CH4 at the lower boundary), and molecular
and eddy diffusion rates were obtained from the supplementary files of Moses
et al. (2005). The meteoritic oxygen input rates for icy meteoroids were de-
termined by digitising values from Fig. 4 of Moses and Poppe (2017). The
sources of parameters of the current model are detailed in Table 1.
This implementation does not include condensation, which reduces the
water content between 2 and 1000 mbar, as the method for this was not de-
scribed in detail by Moses et al. (2005) or Moses and Poppe (2017). However,
this omission does not impact on the conclusions of this paper.
Initially the model was run, without meteoritic input, until the density of
C6H6 at the lower boundary approached an asymptotic value, as this species
was (among the major species) found to take the longest time (2500 years)
to accumulate. This atmosphere was then used as the initial state of each
calculation in which meteoritic input was added, with the calculation being
terminated when the flux of oxygen at the lower boundary approached an
asymptote. It was found that this flux was within 0.1% of the input flux in all
cases. As the input and boundary fluxes should be equal when equilibrium













Table 1: Source of values of parameters in the current emulation of the results of Moses
and Poppe (2017).
Parameter Source (in reference) Reference
Model-A reactions 2005JE002411-tableS3.eps Moses et al. (2005)
Pressure, temperature, density 2005JE002411-tableS1.txt ”
Eddy diffusion coefficients ” ”
Photochemical rate constants 2005JE002411-tableS2.txt ”
Mixing ratios 2005JE002411-tableS4.txt ”
Molecular diffusion coefficients p. 248 Moses et al. (2000a)
Gas injection rate “ices” in Fig. 4 (lower right) Moses and Poppe (2017)
More reactions involving O Table II Kim et al. (2001)
More neutral reactions http://kida.obs.u-bordeaux1.fr Wakelam et al. (2012)
Hydrocarbon ion reactions Tables I and II Kim and Fox (1994)
Oxygen ion reactions Table II Kim et al. (2001)
More ion reactions http://kida.obs.u-bordeaux1.fr Wakelam et al. (2012)
In Figure 1 the mixing ratios of H2O, CO and CO2 calculated by Moses
and Poppe (2017) for ablation of icy grains, assumed to be H2O (dashed lines
in their Fig. 8), are reproduced. The values given by the current calculation
(which reached equilibrium after 1500 years of meteoritic input) are shown
by symbols. While the overall agreement is not perfect, the current model
reproduces the H2O profile outside the condensation region, the overestima-
tion of the water content at about 8 mbar, the agreement with the CO value
at about 80 mbar and the rate of change of water density, with height, ap-
proaching the lower boundary at 60 km. Thus the current model is adequate
for investigating the effects of the various modes of meteoritic input.
The discrepancy with the calculation of Moses and Poppe (2017) of the
CO density below about 200 mbar is due the absence in the current model
of a fixed CO density at the lower boundary. If such a boundary is applied
in a time-step model, the densities above will build up indefinitely. However,
this limitation is not relevant to the main point of investigation, which is the
discrepancy between the calculated and measured value for water at 8 mbar.
Initially, as in the model of Moses and Poppe (2017), it was assumed
that the products of meteoroid ablation released at each altitude were dis-
tributed instantaneously throughout the horizontal layer of the atmosphere
at that altitude. In reality, they are initially emitted into a meteor plasma






































































































































































































































Figure 1: Mixing ratios of H2O, CO and CO2 (lines, as labelled) calculated by Moses
and Poppe (2017) as a function of pressure, for the case where all icy meteoritic material
is assumed to be H2O. Error bars in the same line colour and thickness show measured
values. Symbols show the current calculation for CO (), CO2 (), OH (4) and H2O













into a cylindrical “trail” (Silber et al., 2017) at a higher temperature than
the atmosphere. Thus products of their initial reactions with atmospheric
components have a much greater probability of being produced and of then
reacting with each other, relative to the case where they are assumed to be
spread evenly through the background atmosphere.
To determine the densities of meteoritic products in a meteor trail, the
method of Moses (1992) was used. This method calculates the rate of evap-
oration from the meteoroid constituents by iteratively calculating the tem-
perature from frictional heating and evaporative and radiative cooling, with
the mass loss by evaporation being the addition to the atmosphere. This
method is not appropriate for larger meteoroids (Silber et al., 2018a), but
is used here for the full range of meteoroids in order to emulate the method
of Moses and Poppe (2017), so that any differences with their results can be
ascribed to the extra processes that are being investigated, rather than to
different ablation models.
To incorporate this process into the model of Moses and Poppe (2017) the
procedure was: (a) calculate the density of the input mass in a cylindrical
meteor trail, using the ablation rate as determined above combined with the
formula of Jones (1995) for the initial radius of the meteor trail, (b) add
this new material to the background atmosphere, and (c) run the model
above for the modified atmosphere at each height for 0.1 s. Here it was
necessary to set the initial time step ∆t1 to 10
−10 s and reduce the calculated
adaptive time step by a factor of 1000, determined by checking that the total
oxygen content remained unchanged. The densities of the products are then
determined relative to the initial density of the initial meteoritic constituent.
This set of products can then be inserted into the whole atmosphere in the
same way as in the model of Moses and Poppe (2017), by replacing the single
constituent (e.g. water) with the range of products from the trail, scaled by
their densities at the end of the trail simulation relative to the that of the
initial emitted constituent.
This procedure would be correct only for small meteoroids, where the
ablated components do not decrease the value of Kn significantly. For larger
meteoroids r0 is calculated (Jenniskens et al., 2000) to be much larger than
given by Jones (1995), so the procedure above will overestimate the density
in the trail. Thus the full calculation required is to model all parts (including
vapour cap) for all sizes of meteoroids in the mass range and sum their effect.
As this is not currently possible (Silber et al., 2018b) the approach used here













end of the mass and velocity range and assume that the mix of new species
produced (at each altitude) is the same for all other meteoroids. This would
overestimate any effects, due to the overestimate of the density due to the
underestimate of r0. Thus the procedure here can only give an indication
of whether reactions at the enhanced densities in the meteor trail could be
significant.
To investigate the possibility of dissociation of methane by the shock
wave of the meteor trail, the background atmosphere for the trail calculation
is modified to change all of the CH4 to C + 4H. As Silber et al. (2018b)
assume a production factor of < 0.1% of NO by meteoroids, this is likely
to be a gross overestimation, but as the correct fraction is not known, the
approach here is to maximise the production of extra C to check whether it
can be ruled out or whether precise calculations are needed.
To implement ionic reactions, a set of 63 reaction rates for oxygen-containing
ions was obtained from Kim and Fox (1994) and Kim et al. (2001). Another
124 reaction rates were then obtained from the “KIDA” data base, by search-
ing for other reactions involving the reactants or products just introduced.
These ionic reactions are listed in the file “ionbase.txt” in the Supplementary
Material.
4. Results and Discussion
In addition to the emulation of the equilibrium model of Moses and Poppe
(2017), which reached equilibrium after 1500 years of meteoritic input, water
densities are shown in Fig. 1 for running the simulation for 20 (◦) and 100 (·)
(Earth) years. It is seen that the ratio of the density, after 20 years, to the
measurement is about the same as the ratio of the equilibrium density (©)
to that of Moses and Poppe (2017) at the same height. Thus, assuming the
proportional reduction due to condensation would be the same in the current
model, the water density after 20 years of input was about the same as the
measurement. Of course it is not physical that the meteoritic input would be
suddenly switched on, but rather this shows the recovery time if some event
(e.g. a comet impact) were to reduce the water density to a very low value.
In Fig. 2 the simulation was repeated but with all H2O input from mete-
oroids being dissociated to H and O atoms (larger symbols) and ionized to
H2O
+ ions (smaller symbols). In both cases there was no significant change













were obtained when the dissociated components were ionized.) For full disso-
ciation the water densities are similar to those in Fig. 16 of Moses and Poppe
(2017), where full dissociation is simulated in conjunction with differential
ablation. However, there is an increase in OH above 400 km (compared to
Fig. 1), with the OH density becoming similar to the water density above
about 1200 km.
In Fig. 3 the simulation is performed for a meteoroid composition of 80%
H2O and 20% CO, for full dissociation to C and O atoms (larger symbols)
and full ionization to H2O
+ and CO+ (smaller symbols). Below 800 km there
is very little difference in the water density, other than the 20% reduction
in the H2O input. However, the ratios of the densities nH2O : nOH : nCO
are quite different above 400 km for the two cases. Thus if electron-driven
emissions from CO and OH could be measured simultaneously, they might
provide insight into the process occurring (ionization and/or dissociation)
and the proportion of CO in the meteoroid.
Thus far, as in the model of Moses and Poppe (2017), it was assumed that
the molecules released by meteoroid ablation are distributed instantaneously
horizontally throughout the atmosphere (at each altitude of release). Now
the more physical case, where they are initially emitted into a cylindrical
“trail” (Silber et al., 2017), is considered, where higher densities of the me-
teoroid components and higher temperatures could enhance reaction rates
relative to uniform distribution in the atmosphere.
The method outlined in Sec. 3 was applied for a 1-g water-ice meteoroid
with velocity 67 km/s. This was chosen to be near the higher ends of the
mass and velocity ranges in the model of Moses and Poppe (2017), in order
to obtain a relatively large density of the meteoroid constituents in the trail.
The meteoroid was calculated to penetrate to 275 km altitude (assuming
no fragmentation (Silber et al., 2018a)), with Kn having values of about
6–12 in the main ablation range. This is similar to the values for a 4-mm
meteoroid at 88–92 km in the Earth’s atmosphere where Silber et al. (2018a)
say that the effect of the vapour cap will reduce Kn to produce the continuous
flow regime and a shock wave. Thus r0 will be larger than predicted by
Jones and the densities of meteoroid products in the trail correspondingly
smaller. Hence using the r0 of Jones will overestimate the enhancement of
reactions due to larger densities. Nevertheless, it was found that the final
results were almost identical to the results shown in Figs. 2 and 3. Hence
the final distribution is not dependent on the assumption that the meteoroid

































































































































































































Figure 2: Mixing ratios of H2O, CO and CO2 (lines, as labelled) calculated by Moses
and Poppe (2017) as a function of pressure, for the case where all icy meteoritic material
is assumed to be H2O. Error bars in the same line colour and thickness show measured
values. Symbols show the current calculation for CO (), CO2 (), OH (4) and H2O (◦)




















































































































































































Figure 3: Mixing ratios of H2O, CO and CO2 (lines, as labelled) calculated by Moses
and Poppe (2017) as a function of pressure, for the case where all icy meteoritic material
is assumed to be H2O. Error bars in the same line colour and thickness show measured
values. Symbols show the current calculation for CO (), CO2 (), OH (4) and H2O
(◦) where the meteoroids are 80% water and 20% CO. Larger symbols are for dissociation
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Figure 4: Number densities at 297 km of constituents (as identified on the right) as a














However, it may be that emissions from the trail in the fraction of a second
after formation could give information. In Fig. 4 the number densities are
presented for the 70 most numerous components over the 0.1-s calculation of
processes within the meteor trail, with the reaction temperature being that
of the surrounding atmosphere, at 297 km, for the case where all the parent
water is ionized to H2O
+. It can be seen that the OH density is greater than
that of H2O.
Jenniskens et al. (2000) ran a simulation of a similar meteoroid (1 cm,
density 1 g/cm3, velocity 72 km/s in the Earth’s atmosphere) and calcu-
lated temperatures of 500–5000 K in the trail, with the maximum in the
central region. Silber et al. (2017) show temperatures of 1000–3000 K for
0.1 s on the boundary of the initial trail. To take a postulated average of
these temperature distributions, a uniform temperature of 1000 K was as-
sumed throughout the trail to give an indication of the effect of the higher
temperatures. The results of repeating the calculation at 1000 K are shown
in Fig. 5. In this case the OH number density briefly exceeds that of H2O,
before declining rapidly. Production of CO is enhanced by the higher tem-
perature, but is still only a small fraction of H2O production, consistent with
the result above that reactions within the meteor trail do not affect the final
densities in the atmosphere.
As this calculation used r0 of Jones (1995), the densities of meteoroid
constituents in the trail would be much larger than with the larger radius
predicted by Jenniskens et al. (2000). To check if this is significant, the
calculations were repeated with r0 increased by a factor of 10. In this case
the behaviour of the OH:H2O ratio at atmospheric temperature and 1000 K
was similar to that seen in Figs. 4 and 5, while the CO:H2O ratio was smaller
in both cases. Thus for remote sensing purposes the OH:H2O ratio is a
function of temperature while the CO:H2O ratio is sensitive to the density
of the meteoroid constituents in the trail.
As there are energetic electrons in the trail, it is expected that they would
produce excitation of and subsequent radiative emissions from the OH, thus
presenting a possible method to determine what processes are occurring in
the meteor trail if the emissions can be detected. As the electron density is
seen to be declining (and presumably the temperature also in the hot case), a
more detailed model of the reactions within the trail, such as that of Younger
et al. (2014), would be required to interpret such emissions.













tion for the 1-g water-ice meteoroid was repeated at atmospheric temperature
and 1000 K. It was assumed that all water was ionized to H2O
+ and that all
methane within the trail was dissociated to C and H. This would give a large
overestimate of any effect because only a small fraction of the methane would
in practice be dissociated (Silber et al., 2018b), in addition to the sources of
overestimation described earlier. Nevertheless, when the input flux of water
was replaced by the mix of components produced by this calculation (which
included an enhanced proportion of CO), the final atmospheric densities were
similar to those for full ionization in Fig. 2. Thus it is clear that dissociation
of methane does not provide a mechanism to convert water to a significant
amount of CO within meteor trails.
The penetration depth for a 1-g meteoroid, using the ablation model
of Moses (1992), is 275 km, while for a 100-g meteoroid it is 236 km. This
means that, by applying the proportions of new species produced by the 1-g
meteoroid to all other meteoroids in the mass range, the contribution for
meteoroids in the range 1–100 g has been omitted at altitudes below 275 km.
As the meteoritic input in this altitude range is only a small fraction of
the total, this omission should not be significant. However (noting that
the ablation model is not appropriate for meteoroids of this size at lower
altitudes (Silber et al., 2018a)) the calculations were repeated with a 100-g
meteoroid. As expected, there was no change to the final altitude profile of
water density.
5. Conclusions
Possible ways in which processes within meteor trails could convert water
to other species in Jupiter’s atmosphere were investigated. Extreme cases,
such as full dissociation or ionization of the meteoritic constituents, were
considered, in order to either rule them out or justify more detailed inves-
tigations. As in previous studies, initial modelling was applied with the
approximation that the meteoritic input can be assumed to be dispersed
uniformly at altitude of release. It was found that neither full dissociation
or full ionization of the meteoritic constituents made any difference to the
density of water at the height of the one available measurement. However, at
upper altitudes the density of OH produced was greatly increased, allowing
for the possibility that remote sensing of emissions from OH may be used to
investigate the processes occurring. In particular, the mix of species when
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Figure 5: Number densities at 297 km of constituents (as identified on the right) as a
function of time in about 0.1 s after formation of a meteor trail by a 1-g meteoroid, for a













ratios of H2O, CO and OH for dissociation and ionization. A more realistic
release method was investigated, in which the emitted meteoroid constituents
were initially confined to a meteor trail, thus giving a much higher density
of emitted constituents and so a much greater probablilty of reaction with
atmospheric species and then of reactions between the products. When this
mix of new products was added to the bulk atmosphere, there was little dif-
ference in the final equilibrium atmosphere produced. However, the number
density of OH in the meteor trail was found to be much higher than that of
water in a meteor trail at the atmospheric temperature, while the ratio of
OH to H2O varied rapidly in a hot meteor trail. Thus if electron-driven OH
emissions could be observed from the meteor, they would provide a diagnostic
for the actual processes occurring.
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 Densities of H2O, CO, CO2 and OH, produced by meteoritic input, are calculated for 
the atmosphere of Jupiter. 
 
 Dissociation, ionization, and enhanced reaction rates in the meteor trails do not 
influence the densities at the height of a measurement. 
 
 The OH:H2O density ratio shows potential for remote sensing using electron-driven 
emissions.   
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